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Mode transforming properties
of tapered single-mode fiber microlenses
Chris W. Barnard and John W. Y. Lit
The Gaussian approximation that is typically used to estimate single-mode fiber microlens performance is
investigated. It is applied to hemispheric lenses on two types of tapered single-mode fiber. Theoretical
and experimental results are compared. The first type of taper, which is fabricated by pulling a fiber
while it is melted, has a tapered core and a tapered cladding. The second type of taper, which is
fabricated by etching the cladding, has a tapered cladding only. For a tapered-core fiber, coupling to the
cladding-guided modes and the finite radius of curvature of the wave front before the lens must be
considered to predict the lens spot size accurately, whereas the spot size of a tapered-cladding lens can be
predicted from the lens diameter alone. Thus the spot size of a lens on a tapered-cladding fiber is easier
to predict and control than that of a lens on a tapered-core fiber. It is also shown that the usual theory
used to predict the spot size gives accepted values for tapered-cladding lenses but not for tapered-core
lenses.
Key words: Fiber microlenses, single-mode fiber coupling.
1. Introduction
Several methods have been used to fabricate a micro-
lens on a single-mode fiber to increase the coupling
between a fiber and a laser diode' or an optical
waveguide device.2 Typically the lens is located at
the end of a taper to decrease the lens diameter and,
hence, decrease its spot size.1 If the taper is fabri-
cated by pulling and melting,3 a tapered-core lens
results, as shown in Fig. 1(a). Alternatively, fibers
may be tapered by acid etching, which results in a
tapered-cladding lens,4 as shown in Fig. 1(b). To
control tapered fiber microlenses, we must better
understand the dependence of the spot size on the
taper and lens dimensions. Several authors (e.g.,
Ref. 3) have estimated the spot size of a tapered-core
lens by first calculating the approximate Gaussian-
mode radius at the lens and by using Gaussian optics,
assuming that the radius of curvature of the wave
front at the lens is infinite. The results of this
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analysis have not agreed well with the experimental
results 3 for two reasons. First, coupling from the
core-guided mode to the cladding-guided modes has
been neglected. Second, the rate of expansion and
contraction of the mode caused by the tapered core
can be significant, rendering invalid the assumption
that the mode is propagating as a plane wave before
the lens.
Here we investigate how the tapering and the lens
diameter affect the spot sizes of the two types of taper
lens. The analysis accounts for the coupling from
the core-guided mode to the fundamental cladding-
guided mode, and also examines how the finite radius
of curvature of the wave front affects the focusing
properties. We first describe the focusing effect of a
spherical refracting surface on a Gaussian beam, and
then apply the result to the two types of microlens.
We use the local mode theory,5 which assumes that
the mode in a fiber taper at any point along the taper
is equal to the equivalent mode of a straight fiber with
the same core diameter. This requires a gradual,
adiabatic taper.6 The lens spot sizes are calculated
by assuming that the wave front has an infinite
radius of curvature at the lens entrance face. The
validity of this assumption is tested by using a more
rigorous analysis for a typical tapered-core lens.
The example shows that the rate of expansion and
contraction of the mode in the taper, which depends
on the taper angle, can significantly affect the lens
spot size. We consequently develop an estimate of
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because of tapering, RL will be finite, and Eq. (1)
o should be used to estimate the spot size accurately,
unless
I RI >>rnIRnI n-I (3)
(a)
(b)
Fig. 1. (a) Tapered-core lens; (b) tapered-cladding lens.
Note that, for the same incident mode radius, an
incident plane wave has a larger spot size than a
contracting beam (RL < 0) and a smaller spot size
than an expanding beam (RL > 0). The spot size can
be estimated from Eq. (2) if the lens and mode radii
are known. Marcuse's estimate for the mode radius
is typically used7 :
WL 1.619 2.879
= 0.65 + _ + (4)a Vj3 Z2 + V6
where a is the core radius and the V number is given
by
the spot size that depends on the taper ar
as on the lens diameter.
To test the theory, we present measuren
spot size as a function of the lens radius fo
both types of taper. The analysis uses tl
ters of the experimental fibers. These fit
are single moded at 0.633 pum, have core ar
refractive indices of 1.4575 and 1.453, rE
and core and cladding diameters equal to 4
,Lm, respectively. By comparing the theo
the experimental results, we show that, a
the simple model that assumes an infinit
curvature can accurately predict the spo
tapered-cladding lens but it cannot accural
the spot size of a tapered-core lens.
2. Taper Lens Mode Transforming Propertie
A. Focusing of a Gaussian Beam by a Spheric,
A Gaussian approximation is typically us
dict the focusing effect of a fiber mici
Gaussian beam with radius WL and radiu
ture RL within a fiber of refractive index n
by a lens with radius r to a spot size in ai
given by
Wf2 = WL
2
1 + (L2)2n 1 n )
where is the free-space wavelength.
wave front in an untapered fiber has
radius of curvature, the expression for the
a lens on an untapered fiber reduces to
Wf2 -
WL2
1 + | X 1L]
If the incident fiber mode is expanding or (
Lgle as well
tents of the
r lenses on
ie parame-
bers, which
id cladding
espectively,
4.1 and 125
retical and
s expected,
e radius of
E; ---- a. e-
V = - (n2 -22)/2 (5)
where n and n 2 are the core and the cladding
refractive indices, respectively. The estimate in Eq.
(2) has been used by various authors3 4 to calculate
the spot size of lenses on both tapered-cladding and
tapered-core fibers. In this paper we investigate the
validity of this estimation for lenses on the two types
of fiber and demonstrate that it is accurate only for
tapered-cladding fibers.
B. Mode Transformation In a Tapered-Core Fiber
aeyprdc For a drawn taper [Fig. (a)] it is assumed that the
;ely predict cladding and the core radii maintain their initial
ratio.3 As the core-guided mode propagates along
as the taper it first contracts slightly, then spreads into
the cladding, and gradually couples to the cladding-
al Surface quided modes. Coupling will then occur among the
ed' to pre- cladding-guided modes.8 For simplicity we assume
rolens.3 A that coupling occurs only from the core-guided mode
s of curva- to the fundamental cladding-guided mode. To calcu-
is focused late the mode radius at a given point on the taper, we
r, which is calculate the fundamental cladding-guided mode ra-
dius, compare this with the core-guided mode radius,
and choose the smaller of the two as the mode radius.
This is equivalent to assuming that the core-guided
,- (1) mode couples completely to the fundamental cladding-
guided mode at the point at which the two mode radii
are equal. (The result, based no this assumption,
Since the will be an estimate, since 100% mode coupling does
incefi te not occur.) The V for the cladding-guided mode is
aspnot sizneof calculated by substituting into Eq. (5) the cladding
index for nj, 1 (the refractive index of air) for n2, and
the cladding radius for a. The core- and the cladding-
guided mode radii at any point on the taper can thus
(2) be estimated from the fiber cladding diameter if the
numerical aperture is known.
To illustrate the mode transformation, we use as an
example a linear 600-p1m-long taper (which corre-
contracting sponds to a taper angle of 5.9°). Figure 2 shows the
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Fig. 2. Mode transformation in a 600-[Lm-long tapered-core fiber.
tapering of the core radius (dashed curve) and the
calculated mode radius (solid curve) in the taper.
As discussed above, the mode radius first decreases
slightly, and then increases along the taper as the
mode spreads into the cladding. After coupling to
the fundamental cladding-guided mode, the mode
radius decreases monotonically as the light radiates
out of the fiber.
To calculate the focusing effects of a lens on the
taper we assume that the lens is spherical with a
diameter equal to the tapered fiber diameter just
before the lens. We also neglect the contraction or
expansion of the mode so that Eq. (2) can be used.
The validity of this assumption is discussed below.
The dashed curve in Fig. 3 shows the ratio of spot size
radius Wf to the initial mode radius (mode radius in an
untapered fiber) as a function of the normalized lens
radius. The rightmost point of the plateau of the
curve indicates where the core-guided mode couples
to the cladding-guided mode.
For the fundamental cladding-guided mode, be-
cause both V and WL are large, Eq. (2) reduces to
Xf X
'frWL 0.65,rr(n - 1)
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Fig. 3. Theoretical spot size versus taper lens radius.
Thus, in the cladding-guiding section of the taper,
when TrWL2/A >> r/(n - 1), the spot size is indepen-
dent of the lens radius. For our fibers this means
that Wf is almost constant at 0.3 times the original
mode radius; this explains the plateau of the curve in
Fig. 3. This result is advantageous in that this type
of tapered lens will have a predictable spot size that is
insensitive to the lens radius. However, as we now
show, the spot size depends strongly on the taper
angle.
To determine the effect of the taper angle we note
that the radius of curvature of a Gaussian beam can
be expressed as
w r r
RL = dw/dz dr/dz = tan 0' 
where z is the direction of propagation. The rate of
change of. the mode radius in a taper can be deter-
mined from Eq. (4) and related to the taper angle 0,
where tan 0 = dr/dz, and r is the fiber radius. For
V >> 1, ~which is the case for the cladding-guided
mode, the last two terms in Eq. (4) become much
smaller than 0.65, and we get the approximation in
Eq. (7). Otherwise dwL/dz can be calculated numer-
ically from Eqs. (4) and (5) for any point on a taper if
its dimensions are known. Note that dwL/dz and
hence RL are positive if the beam is expanding and
negative if the beam is contracting. Once RL is
found it can be substituted into Eq. (1) to achieve a
more accurate estimate of the microlens spot size.
Using Eq. (7) and the approximation in Eq. (3), we
may neglect RL if tan 0 << 1 - 1/n bri 0 << 170 for
fused-silica fibers. The typical taper angles are 5-10°
for the drawn tapers, so neglecting the expansion or
contraction of the incident mode can significantly
affect the estimated spot size.
Figure 4 shows, for the taper in Fig. 2, the lens spot
size as a function of its position on the taper and
calculated with an estimate for RL (solid curve). It is
compared with the one that is calculated by assuming
that RL co (dashed curve). RL is estimated at each
point on the taper by using the first term on the right
of Eq. (7). From Eqs. (4) and (5), WL is a function of
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Fig. 4. Comparison of lens spot size versus position on the taper
of Fig. 2 calculated (i) by estimating RL and (ii) by assuming that RL
is infinite.
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Cladding
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(7)
core radius a(z), and dwL/dz is a function of a(z) and
da/dz. Assuming that the core-to-cladding radius
ratio, a/r = y, is constant along the taper, WL and
dwL/dz are found by using a(z) = yr(z) and da/dz =
ydr/dz. The solid curve, which accounts for the
expansion and contraction of the beam, lies above the
dashed curve when the beam is expanding and below
the dashed curve when the beam is contracting. The
curves indicate that the results obtained by assuming
an infinite radius of curvature are approximate, at
best.
The substitution of Eq. (7) into Eq. (1) gives the
final waist radius as a function of the taper angle for
the case in which the lens is placed at the beginning of
the cladding-guided section (the plateau region of Fig.
3). For small taper angles, in this portion of the
taper the second term in the denominator of Eq. (1) is
much larger than 1 (the first term), which is therefore
neglected. With WL 0.65r, this leads to
0. 6 5 1Tr -1
Wf = -in - 1- tan (8)
The above gives an estimate for the spot size of the
cladding-guided mode that depends on the taper
angle only. According to approximation (8), which is
valid for small angles only, as the taper angle in-
creases the mode radius increases. Thus, to mini-
mize the spot size, the tapering should be gradual
before the lens. The deviation of the actual spot size
from that estimated by assuming an incident plane
wave increases as the taper angle increases. These
lenses thus have the disadvantage that an accurate
determination of the focusing effects of a lens re-
quires a knowledge of the taper profile as well as of
the lens radius, and the calculation can only be done
numerically.9 The important result is that the spot
size depends on the taper angle as well as on the lens
radius for a lens formed on the section of a taper
where the mode is contracting or expanding. The
spot size can still be estimated if the taper profile
before the lens is known and the taper angle is not too
large.
C. Mode Transformation in a Tapered-Cladding Fiber
The analysis of mode transformation in a tapered-
cladding lens has been discussed in detail elsewhere.4
The spot size calculated from Eq. (2) is given by the
solid curve in Fig. 3.4 The assumption of inequality
(3) is better for this taper since the rate of contraction
of the mode is much smaller than in a tapered-core
fiber. Thus the approximation of Eq. (2) is expected
to be much better for this type of lens.
3. Experiment and Discussion
The fabrication and the measurement of cladding-
tapered lenses was discussed in a previous paper.
Tapered-core fibers are fabricated by melting and
pulling suspended fibers with a coaxial 5-W CO2 laser.
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Fig. 5. Experimental points and theoretical curves of spot size
versus lens radius.
Lenses are then formed by laser melting the ends of
tapered fibers.4 Figure 5 shows the experimental
spot-size measurements. The theoretical curves are
taken from Fig. 3. This figure shows that the pre-
dicted spot sizes for the lenses on the etched tapers
agree quite well with the measured values, while the
experimental points for the tapered core lenses do not
agree with the theory. We point out two factors to
account for this phenomenon. The rate of contrac-
tion and expansion of the mode that is due to
tapering, which results in a finite RL, was neglected in
calculating the curves of Fig. 5. The assumption
that 100% coupling from the core-guided mode to the
fundamental cladding-guided mode at the point at
which their mode radii are equal is only an estimation
of the complicated coupling that occurs between the
core- and the cladding-guided modes. Except for
small lens diameters, the two factors have little effect
on the spot size of a tapered-cladding lens. Thus the
spot size of a lens on a tapered-cladding fiber can be
predicted from the lens diameter only. For a tapered-
core lens the taper profile before the lens does seri-
ously affect the latter factors. As a result, even if the
lens radius can be accurately controlled, it is difficult
to control a tapered-core lens spot size.
We compared the accuracy of predicting a fiber lens
spot size from only the lens radius for two types of
fiber lens. The approximation is valid for tapered-
cladding lenses but is invalid for tapered-core lenses
because mode conversion and mode expansion are
neglected. Predicting the tapered-core lens spot sizes
requires the taper angle as well as the lens radius.
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